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ImmunoassayA novel evanescent wave-based (EW) microﬂuidic capillary ﬁber-optic biosensor (MCFOB) has been developed
using capillaries as a transducer embedded in a multichannel device to enhance the collection efﬁciency of the
ﬂuorescence signal. The capillary serves dual roles as a waveguide and a container, enabling more straightfor-
ward, consistent, and compact biosensor packaging compared to conventional optical ﬁber biosensors and
microﬂuidic systems. In order to detect multiple samples in one device, the biosensor incorporates a
polydimethysiloxane (PDMS) multi-channel device, which also serves as cladding for the biosensor. In addition,
this biosensor only consumes 10 μl of a sample and does not require hydroﬂuoric acid etching in the fabrication
process. The orientation for signal collection is optimized by comparing the lateral and normal signal directions
for detected glyceraldehyde 3-phosphate dehydrogenase (GAPDH). C-reactive protein (CRP) is used to validate
the MCFOB, and the limit of detection (LOD) for CRP in the MCFOB is 1.94 ng/ml (74 pM). Moreover, the real-
time measurement is demonstrated to verify that the evanescent wave is the only exciting light source in the
MCFOB, which gives the potential for real-time measurement applications.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Immunoassays are extensively used in the biological and medical
ﬁelds. With these systems, the biosensor for the immunoassay is de-
signed to selectively immobilize analytes on the surface of the transduc-
er. As signal is generated by the immobilized analyte, the biosensor
detects and relays this signal for quantiﬁcation. One of themost popular
detectionmethods is the ﬂuorescence immunoassay in which a ﬂuores-
cence signal is detected in a simple assay characterized by high sensitiv-
ity and simpliﬁed reagent requirements. The biggest challengewith this
immunoassay is exciting or acquiring the characteristic ﬂuorescence
signal without interference from unwanted ﬂuorescence in the ﬂuid.
The geometry or orientation of the optical setup has an impact on
the detection of targeted and interfering ﬂuorescence signals. Fig. 1
shows four different optical setup geometries utilized to excite and
collect ﬂuorescence signal. The geometry depicted in Fig. 1-a, which is
widely used in ﬂuorescent enzyme-linked immunosorbent assays
(ELISA) or microﬂuidic devices, involves directly illuminating and
collecting the signals from the top of the ﬂuorescent analytes [16,17].
Similarly, the analytes in the Fig. 1-b geometry are also directly illumi-
nated. However, instead of being collected directly, the signals are. This is an open access article undercoupled into a transducer and transferred for detection [3,15]. Since
the analyte solution contains a high concentration of interfering parti-
cles, the exciting light in Fig. 1-a and -b will not only illuminate the an-
alyte but also those particles in the path of the exciting light, resulting in
decreased sensitivity and speciﬁcity of the immunoassay.
The evanescentwave (EW),which is a near-ﬁeldwave, has been uti-
lized in biosensors for decades to generate ﬂuorescence close to the sur-
face of the transducer [10]. By using EW as the exciting light source, the
biosensor is able to detect analytes in the presence of interfering parti-
cles (Fig. 1-c,d). The most commonly used transducers for the EW-
based biosensor are the optical ﬁber and the planar waveguide. Com-
pared to the previous two geometries, the EW not only can speciﬁcally
excite the captured analyte, but can illuminate all analytes on the trans-
ducer simultaneously instead of in a limited area. To collect the entire
excited signal, one of the most efﬁcient ways is to detect the signal at
the end of the transducer where all coupled signals are delivered to
(Fig. 1-d) instead of directly detecting at the top of the analytes
(Fig. 1-c). With high aspect ratio transducers such as an optical ﬁber,
the signal density (intensity of signal per unit area) can increase due
to the small area of the distal end; therefore, most optical ﬁber biosen-
sors adopt thismethod [1,2,5–8,12,19], whilewaveguide biosensors pri-
marily collect the signal directly from the top of the analytes [9,21].
Despite these advantages, there are a few challenges preventing
EW-based ﬁber-optic biosensors from beingwidely used in themedicalthe CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Fig. 1. The optical path geometries for the ﬂuorescence immunoassay. The excitation light
can be illuminated directly on the immobilizedﬂuorophores (a, b) or throughawaveguide
to generate evanescent waves (c, d). The ﬂuorescence signal can also be collected at 90°
from the substrate (a, c) or be coupled inside the waveguide and collected at the end of
it (b, d). The drawing is not to scale and ﬂuorophores are exaggerated in size for illustra-
tion purposes.
Fig. 2.Aphoto of anMCFOB. (a) The channelswereﬁlledwith red dye solution to show the
ﬂowof the channel. (b) The enlarged photo shows one of the detection ends of anMCFOB.
The bright rim is the end of a capillary. Inside and outside of the rim are light blocker and
carbon spray solution. (c) The enlargedphoto showsoneof the sideportswith dimensions
of 50 μm by 100 μm on the capillary.
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ous hydroﬂuoric acid, which often results in inconsistent etching as a re-
sult of the varying chemical concentrations. Second, although the
biosensors use a limited amount of sample, it requires an enclosure
with a high aspect ratio geometry. Finally, the optical ﬁber becomes
fragile and hard to handle after etching due to the exposed sensing
surface.
During the last two decades, an alternative transducer, the silica cap-
illary, has been used to improve the EW-based biosensor [4,14,20]. Since
the capillary serves dual roles as a light propagator and a sampling ves-
sel, no extra container is required. For the immunoassay application, the
analytes are captured on the inside wall of the capillary; therefore, the
capillary protects the sensing surface and eases handling of the immu-
noassay. Moreover, the capillary itself is the core part, and no etching
is required. However, among all the EW-based capillary biosensors,
most designs still adhere to the Fig. 1-c geometry [11,14]. The reason
for this might be the difﬁculty in aligning the exciting laser with the
thinwall of the capillary, whichmakes changing fromprobe to probe in-
convenient. Therefore, using Fig. 1-c geometry can accomplish multi-
plex detection in one capillary but sacriﬁces sensitivity. To design a
multiplexed capillary biosensor using the Fig. 1-d geometry, we present
a novel EW-basedmicroﬂuidic capillary ﬁber-optic biosensor (MCFOB).
Multiple silica capillaries are embedded in a polydimethylsiloxane
(PDMS) multichannel device to facilitate multi-sample detection,
which also serve as cladding for the capillaries. Furthermore, the detec-
tion instrument is a ﬂuorescence microscope with a CCD camera that
uses a Xenon lamp as the exciting light source. Therefore the alignment
of exciting light to a capillary is much easier, especially for changing
from probe to probe, since the design does not use a capillary holder
for mounting on the detection instrument.
This article demonstrates the sensitive detection and quantiﬁcation
of C-reactive protein (CRP) using the designed MCFOB and an adaptive
sandwich immunoassay [8,18,19]. The normal level of CRP in blood
serum is 640 ng/ml, but tends to slightly increase with age [13]. High
concentrations of CRP are associated with an inﬂammation response.
To simulate the serum sample, CRP is mixed with an interfering protein
(bovine serum albumin) at a relatively high concentration. Further-
more, to demonstrate that the signal is generated only by EW, a real-
time measurement using avidin and biotin-4-ﬂuorescein is performed.
Finally, to prove the chosen signal collection method is the most sensi-
tive one, we compare the Fig. 1-a and -d geometries by detecting
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) using the de-
signed MCFOB.
2. Materials and methods
A fused silica capillary with an outer diameter (O.D.) of 615 μm and
an inner diameter (I.D.) of 536 μmwas purchased from Polymicro Tech-
nologies (Phoenix, AZ, USA). (3-mercaptopropyl)-trimethoxy-silane
(MPTMS) and trichloro(1 H,1 H,2 H,2 H-perﬂuorooctyl)silane (TCS)were purchased fromSigma-Aldrich (St. Louis,MO). Phosphate buffered
saline (PBS), ethanol, n-(γ-maleimidobutyryloxy)succinimide ester
(GMBS), and Tween-20 were purchased from Thermo Fisher Scientiﬁc
(Pittsburgh, PA). Avidin, Alexa Fluor 647 and Alexa Fluor 488 antibody
labeling kit were purchased from Invitrogen (Carlsbad, CA). Immunoas-
say grade bovine serum albumin (BSA) was purchased from MP Bio-
medicals (Santa Ana, CA). Human GAPDH, anti-GAPDH, biotinylated
anti-GAPDH, recombinant human CRP, biotinylated anti-CRP antibody,
and unconjugated anti-CRP antibody were purchased from R&D Sys-
tems (Minneapolis, MN). Hydrogen peroxide and sulfuric acid were
purchased from Avantor Performance Materials (Center Valley, PA).
Sylgard 184 silicon elastomer kit was purchased from Dow Corning
(Midland, MI). Carbonate paste BQ225 was purchased from DuPont
(Wilmington, DE).2.1. MCFOB fabrication
In theMCFOB (Fig. 2), the exciting light source couples into the cap-
illary from the distal end (detection end). In order to prevent the light
from directly illuminating the molecules inside the channel instead of
with EW, the light must be blocked from the channel of the detection
end and only exposed along the rim of the capillary. To do this, ﬁrst,
the capillary was cut to a length of 5 cm. Both ends of the capillary
were then polished using an aluminum oxide lapping sheet down to
0.3 μm grit (Thorlabs, Newton, NJ). The light blocker was prepared by
mixing PDMS prepolymer and carbon paste with a ratio of 1:1 v/v.
After degassing, 0.25 μl of the light blocker prepolymer was ﬁlled from
one end of the capillary by immersing the capillary in it. The light
blocker prepolymer on the rim surface was wiped off to clear the light
entrance. Finally, the modiﬁed capillary was cured in an oven at 60 °C
for 1 h. Fig. 2-b shows an enlarged photo of the detection end. The dark-
ness within the rim (the end of capillary) veriﬁes the function of the
light blocker. Since one end of the channel was blocked, to vent the
solution, the side hole on the capillary was drilled using a laser
micromachine (Oxford Laser, Didcot, Oxon, UK). Fig. 2-c shows the
enlarged photo of the rectangular side hole with the dimensions of
50 μm by 100 μm.
To achieve multi-sample detection, a three-to-one multichannel
device was designed. The detailed fabrication process is included in
the Supplementary ﬁle. Fig. 2-a shows an MCFOB with the channels
identiﬁed with red dye solution. Each channel contains one capillary
at the straight portion of the channel. Four ports are punched on the de-
vice noted as ports x, a, b, and c. The side holes of the three capillaries are
aligned to ports a, b, and c of the device. Port x is located at the point
where the three channels merge.
Fig. 3. The two-dimensional scheme for surface modiﬁcation. The surface modiﬁcation is applied to the inner wall of the optical ﬁber capillary.
Fig. 4. The graph of real-timemeasurement of immobilized avidin and BSA (negative con-
trol) using labeled biotin solution. Data pointswere recorded approximately every 10min.
The ﬂuorescence from the avidin probe was increased with time while that from BSA
remained very close the background. The avidin curve was ﬁttedwith a reverse exponen-
tial model (y= 239 ∗ (1− exp(−(x+ 594) / 1242)) with an R2 value of 0.992. The dash
line (zero intensity) represents the background for both channels since each data point
was extracted by using signal subtracting background (increment). The avidin curve
was not started from the zero point due to the setup delay before the ﬁrst measurement.
The BSA curve was slightly lower than initial point due to photobleaching.
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Fig. 3 shows the surface modiﬁcation scheme for the MCFOB. The
total volume of each channel is 10 μl; thus the same volume of each of
the following regents was used for each channel. To modify each chan-
nel, a piranha solution (75% sulfuric acid and 25% hydrogen peroxide)
was introduced to activate the inner surface for 10 min. After washing
with distilled water, the channels were treated with 4% v/v of MPTMS
in ethanol for 1 h, followed by incubation with 0.01 mMGMBS in etha-
nol for 30 min. Next, the channels were ﬁlled with 10 μg/ml of avidin in
PBS for 1 h to attach avidin to the N-Hydroxysuccinimide (NHS) ester
side of GMBS. Each channel was then ready for the immobilization of bi-
otinylated molecules. For CRP and GAPDH detection, the channels were
incubated with 10 μg/ml of biotinylated antibodies for 30 min. For the
EW veriﬁcation experiment, the channels were incubated with 10 nM
biotin-4-ﬂuorescein for real-time measurement.
2.3. Multi-sample detection strategy
To detect different analytes in one MCFOB, each channel should
be able to introduce different reagents independently. This is accom-
plished by including one access port (port a, b, and c) for each chan-
nel and a single merged access port (port x) as shown in Fig. 2-a. To
infuse and withdraw solution inside and outside of the channels, pi-
pettes were inserted into individual ports and operated directly.
When three channels need to be ﬁlled with the same reagents, the
solution is introduced via port x. If the solution needs to be introduced
independently to each channel, the solution is introduced through
port a, b, or c for the targeted channel. When each channel contains a
different solution, cross-reactivity of the solutions is prevented by con-
trolling the distance each solution travels within the individual chan-
nels. The multi-sample detection will be demonstrated with CRP
detection (Section 3.3).
2.4. Immunoassay & instrument setup
A channel immobilizedwith capture antibodies was ﬁlled with sam-
ple solution for 30min. After removing the sample solution, the channel
was rinsed with 15 μl of PBS. The background image was recorded with
PBS inside the channel. Next, the channel was incubated in 10 μg/ml of
labeled detection antibody solution for 30 min, which was prepared
using the Alexa Fluor 488 antibody labeling kit for anti-CRP and
Alexa Fluor 647 for anti-GAPDH according to the instructions of the
manufacturer. Furthermore, labeled antibody solution was added
with 1 mg/ml of BSA to reduce non-speciﬁc binding [8,19]. Channels
were subsequently rinsed with 15 μl of washing buffer containing
PBS and 0.02% Tween-20 and then ﬁlled with 10 μl of PBS. Finally,
the signal image was recorded with PBS inside the channel using a
ﬂuorescence microscope.
An inverted ﬂuorescencemicroscope (IX71, Olympus, Center Valley,
PA) was used to detect ﬂuorescence signal from the detection end
(Fig. 2) of theMCFOB. Each channel was detected twice in a complete
assay as previously described. The ﬁrst image, the background image,
was recorded before introducing a ﬂuorophore conjugated solution
in the MCFOB. The second image, the signal image, was recordedafter introducing a ﬂuorophore conjugated solution in the MCFOB
and was similar to Fig. 2-b. The pixels along the rim can be extracted
andmeasured using ImageJ, an image analysis program. After acquir-
ing the mean value of pixel along the rim of both images, the ﬂuores-
cence signal value was extracted by subtracting the background
mean value from the signal mean value.
3. Results and discussion
3.1. EW assay inside optical ﬁber capillary
To verify that light passes through the wall of the optical ﬁber capil-
lary and the ﬂuorescence signal is generated only from EW, we demon-
strated a real-time measurement using biotin-4-ﬂuorescein and avidin.
This experimentwill conﬁrm that the ﬂuorescence signal is not generat-
ed from the absorption of light from the light source but through EW. In
the MCFOB, the refractive index of the PDMS is 1.41, while it is 1.46 for
the capillary. Therefore, the PDMS device of an MCFOB can be used as
cladding for the capillary, and carbon solution spray and carbon light
blocker are applied to the device to limit light entry to the wall of the
capillary. After incubating a device in GMBS according to the surface
modiﬁcation process (Fig. 3), one channelwasﬁlledwith 1mg/ml of av-
idin for 1 h, while the other channel was ﬁlled with 1 mg/ml of BSA,
followed by PBS rinsing. The images were recorded for both channels
to acquire the background signal. Next, 10 nM biotin-4-ﬂuorescein in
PBS solution was introduced into both channels respectively and the
MCFOB was immediately set up on the microscope for the ﬂuorescence
measurement. The signal images were recorded approximately every
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to prevent photobleaching. The same detection process was applied
on both channels respectively.
Fig. 4 shows the resulting real-time measurement curves for both
channels. Each data point wasmeasured by subtracting the background
from the signal. The curve of avidin was ﬁtted using the reversed expo-
nential function, and the R2 value of this ﬁtting was 0.99. The curve of
BSA detection did not increase but slightly decrease with the time. The
resulting valueswere very close to but slightly less than the background
due to photobleaching. This implies that the light source directly illumi-
nating into the channel was negligible. For the curve of avidin detection,
the ﬂuorescence intensity increased with time and became saturated at
the end of detection. The curve was not started from the zero point be-
cause the reaction had already started during the set up of the MCFOB
on microscope. This proved that the signal was generated by the EW.
The saturation was due to the limit of avidin binding sites.Fig. 6. (a) The CRP calibration curve. Each data point was the average of three signals. The
curve was ﬁtted linearly with an R2 value of 0.99. (b) The magniﬁcation graph in the low
concentration range. (c) Fluorescence detection images of the end of the capillaries with
different concentrations of CRP.3.2. EW versus direct illumination
To show that EW provides higher sensitivity than direct illumina-
tion, we measured the signal using the two different optical geometries
shown in Fig. 1-a and -d. Using the Fig. 1-a geometry to detect signal
within the MCFOB device will be slightly interfered by PDMS since the
light source has to pass through PDMS to reach the capillary. Further-
more PDMS gives different levels of interference in different optical ge-
ometries. In order to get a clear comparison of signal detection from the
capillaries, we only measure the capillaries without embedded in PDMS
device in this experiment. Three concentrations of GAPDH from 0 to
33ng/mlwere detected using the immunoassay protocol described pre-
viously and each data point represents the average from three capil-
laries. Each capillary was also measured in two optical geometries.
Fig. 5 shows the average ﬂuorescence data with the dotted bars
representing the direct illumination (DI) setup and striped bars
representing the EW setup. The results in Fig. 5 show that the signal in-
tensity of the EW setup is much stronger than the DI setup, and the sig-
nal to noise (s/n) ratio of 33 ng/ml GAPDH in the EW setup is 6.3 while
DI setup is only 3.2. Therefore, these results suggest that the sensitivity
of the EW setup is superior to the DI setup. Other optical geometries
were not compared because the exciting method of Fig. 1-a enables
the strongest exciting light to generate ﬂuorescence signal since it is
not EW; therefore, we only needed to prove that the sensitivity of Fig.
1-d is superior to that in Fig. 1-a.Fig. 5. TheGAPDHmeasurement in two different optical geometry setups. The dotted bars
represent the measurement of the direct illumination (DI) setup (Fig. 1-a), and striped
bars represent the measurement of the EW setup (Fig. 1-d). The s/n ratio of 33 ng/ml for
DI is 3.2 and for EW is 6.3.3.3. CRP detection
We ﬁrst established a calibration curve for CRP. Three channels were
used for signal measurements in each standard CRP concentration (0,
10, 20, 50, 100, 200, 500 ng/ml) following the immunoassay protocol
described previously. To demonstrate multi-sample detection, three
channels in the same device were incubated in different concentrations
of CRP. CRP samples were mixedwith 1mg/ml of BSA to simulate a real
blood sample with high concentrations of interfering protein. Fig. 6
shows the calibration curve of CRP detection. The recorded data points
were ﬁtted well to a linear curve with an R2 value of 0.99.
The limit of detection (LOD) of the developedMCFOB in detecting
CRP was evaluated with a negative control. Five channels of an
MCFOB immobilized with anti-CRP antibodies were used to measure
BSA following the immunoassay protocol described previously. The
LOD was derived from the calibration curve of CRP detection using
the average value plus 3 times its standard deviation. The LOD of
the designed MCFOB for CRP measurement is 1.94 ng/ml (74 pM),
which is much lower than the normal level of CRP in blood serum
(640 ng/ml).4. Conclusion
In this study, we have demonstrated a new biosensor known as the
MCFOB, which successfully detected CRP in the presence of high con-
centrations of non-speciﬁc proteins. A simple and novel fabrication pro-
cess to make the multiplex capillary biosensor was achieved by
embedding a capillary in a PDMS device. We also demonstrated the de-
sign to couple light only within thewall of the capillary by using carbon
light blocker and spraying the carbon mask on the detecting side of
PDMS. The real-time measurement using avidin and labeled biotin
were also presented to prove that the amount of light directly leaking
into the channel is negligible. Furthermore, we compared the sensitivity
of two optical geometry setups by detecting GAPDH using the capillary
11C.-W. Wang, Z.H. Fan / Sensing and Bio-Sensing Research 7 (2016) 7–11biosensor. The results suggest that the EW excitation and the coupled
signal collection setup gives the best sensitivity. Finally we demonstrat-
ed the potential of the MCFOB for multiplexing by detecting different
concentrations of CRP and a negative control in one device. The calibra-
tion curve indicates that the developed MCFOB can also be used for
quantitative estimation of CRP with the LOD lower than the normal
level of CRP in human serum. From these observations we can conclude
that the probes can be used to detect biologically relevant levels of CRP
in human blood/serum samples.
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